ABSTRACT Keel fractures in the laying hen are the most critical animal welfare issue facing the egg production industry, particularly with the increased use of extensive systems in response to the 2012 EU directive banning conventional battery cages. The current study is aimed at assessing the effects of 2 omega-3 (n3) enhanced diets on bone health, production endpoints, and behavior in free-range laying hens. Data was collected from 2 experiments over 2 laying cycles, each of which compared a (n3) supplemented diet with a control diet. Experiment 1 employed a diet supplemented with a 60:40 fish oil-linseed mixture (n3:n6 to 1.35) compared with a control diet (n3:n6 to 0.11), whereas the n3 diet in Experiment 2 was supplemented with a 40:60 fish oil-linseed (n3:n6 to 0.77) compared to the control diet (n3:n6 to 0.11). The n3 enhanced diet of Experiment 1 had a higher n3:n6 ratio, and a greater proportion of n3 in the long chain (C20/22) form (0.41 LC:SC) than that of Experiment 2 (0.12 LC:SC). Although dietary treatment was successful in reducing the frequency of fractures by approximately 27% in Experiment 2, data from Experiment 1 indicated the diet actually induced a greater likelihood of fracture (odds ratio: 1.2) and had substantial production detriment. Reduced keel breakage during Experiment 2 could be related to changes in bone health as n3-supplemented birds demonstrated greater load at failure of the keel, and tibiae and humeri that were more flexible. These results support previous findings that n3-supplemented diets can reduce fracture likely by increasing bone strength, and that this can be achieved without detriment to production. However, our findings suggest diets with excessive quantities of n3, or very high levels of C20/22, may experience health and production detriments. Further research is needed to optimize the quantity and type of n3 in terms of bone health and production variables and investigate the potential associated mechanisms.
INTRODUCTION
Keel fractures in the laying hen is one of the most critical animal welfare issues facing the egg production industry (FAWC, 2010 (FAWC, , 2013 and is likely to worsen with greater use of extensive housing in response to the 2012 EU directive (1999/74/EC) banning conventional battery cages, and similar trends in North America. In addition to animal welfare, fractures represent decreased profitability resulting from increased mortality (McCoy et al., 1996) , splintered bone in breast meat reducing carcass value (Brown, 1993) , and reduced egg production efficiency (Nasr et al., 2012 (Nasr et al., , 2013 . Given these pressing concerns, an effective solution that reduces the frequency and severity of keel fractures is urgently needed. Our group recently reported some success toward this end with birds receiving a short chain omega-3 (n3) supplemented diet exhibiting reduced keel fractures (60% less than a standard diet at 50 weeks of age) and severity . The short chain n3-enhanced diet appeared to induce changes in bone properties, such as increased strength and stiffness, higher bone mineral density, and elevated turnover that could provide a mechanism for decreased fractures. However, this previous study did not use matched systems, instead utilizing multiple flocks located across the UK, and the diet investigated did not include the more biologically-active long chain (C20/22) n3s, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), respectively.
The current study involved 2 consecutive experiments -each utilizing 2 large commercial flocks in a single shed -and used a mixture of short-and long-chain dietary n3 fatty acids formulated to meet increased consumer demand for the long chain supplement. We anticipated that inclusion of the C20/22 n3 component would augment the effects seen with short chain alone due to their more direct biological activity as immediate precursors of (Calder, 2006a,b) . The objective for the current work was to assess the impact of 2 mixed diets with different levels of n3 and C18:C20/22 ratios, on keel bone fracture incidence and severity as well as important production parameters. We also sought to identify likely changes in bone properties that could be affected by enhanced n3 and account for the altered frequency of fractures observed. We hypothesized that birds receiving the n3-enhanced diets would have reduced fractures and fracture severity with increased bone strength and flexibility. As dietary n3 has been shown to influence behavior and cognition (Luchtman and Song, 2013) , assessments of approachability and flight activity were also conducted.
MATERIALS AND METHODS

Diets
The n3 supplemented and standard diets (Table 1 ) formulated by the producer (Noble Foods, UK) were designed to provide all nutritional requirements and be balanced for total lipids. The fatty acid content of each diet was analyzed by an independent laboratory at the University of Bristol blinded to the diets' predicted content. Both diets were used in multiple flocks by our industrial partner in addition to the flocks reported here, and thus, by definition, are relevant to commercial production. In the period leading to the introduction of the n3-enhanced diet of each experiment, all birds received a common diet without n3 enhancement. In Experiment 1, the n3-enhanced diet was introduced upon populating the house at 16 weeks of age. In Experiment 2, the n3-enhanced diet was introduced at 27 weeks of age (immediately following our first collection). The earlier introduction of the omega-3 diet in Experiment 1 was done as the producer and funder believed this would provide benefit to the flock through greater exposure. Following poor results in terms of production and our response of primary interest (i.e., keel fractures), we decided introducing the diet after sexual maturity would be more appropriate as hens would be more physiologically stable and less vulnerable to the powerful effects of the omega-3 diet. Due to confounding variables, we are unable to draw any conclusions regarding the age of onset between the 2 experiments.
Animals
For each experiment, Lohmann Brown hens (N = 24,000 birds) were transported at 16 weeks of age from a single breeder site to a standard commercial unit within a single shed divided transversely into 2 separated and enclosed halves (hereafter referred to as barns) by a cen- tral egg collection room. The shed was also divided longitudinally by a central partition containing nest boxes for each barn; each barn was further divided into 4 by partitions (installed for the experiments) resulting in 8 pens (15 m × 12 m) in each barn and a total of 16 pens (n = 1,500 hens/pen). Protocols for biosecurity, disease monitoring, environmental management, lighting, and ventilation were the same for each of the 2 barns. Each pen contained a litter (2 m × 12 m) and slatted (13 m × 12 m) area. The slats were mounted 1.2 m above the litter, and then on the opposing side, 2 levels of nest boxes were located with the top level reaching 1.3 m. Beyond these components, each section contained the same internal and external (i.e., ranging) furnishings. Egg collection and day-to-day management were provided by a dedicated staff of 4 people who communicated daily to make sure management procedures were identical. The researchers also observed and met regularly with the caretakers to ensure that adherence to protocols was maintained. All pens of each treatment were located in 1 barn and received 1 of 2 diets: an n3 enhanced diet (Experiment 1 n3; Experiment 2 n3) or a standard control diet (Experiment 1 control; Experiment 2 control). Feed was delivered to each pen by pipe to a feed pan supplied by separate feed bins located immediately exterior to the shed and topped up at weekly intervals. Beginning at 20 weeks of age, each pen was provided access to separated ranges from approximately 1000 to dusk. Range areas for each of the individual pen populations where provided and surrounded by fencing and electrical wire between the ranges to ensure separate populations.
Beginning at 25 weeks of age and then at 10 week intervals until 55 and 65 weeks of age in Experiments 1 and 2, respectively, 100 birds/pen/timepoint (n = 800 birds/diet/time point/Experiment) were collected using a 1-m2 catching frame from 3 locations within each pen (slats: n = 50/time point; nest box: n = 20/time point; litter: n = 30/time point). For each time point, collections were performed over 8 days within a 12-day period in an alternating manner of 2 pens from a single treatment on the same day, i.e., n3 pens 4 and 8 on day 1, control pens 9 and 13 on day 2, n3 pens 3 and 7 on day 3, etc., until all pens were assessed for that time point. For each of the 100 birds collected/pen, every 10th bird (n = 10/pen/time point/Experiment) was assigned unique identification indicated by an attached cable tie and then crated for killing and dissection. With this system, palpated birds and the subsample of crated birds each reflected the three pen locations. All collected birds were palpated to assess keel damage (described below) and then, other than the crated 10 birds, released back into the pen.
Assessing Fractures by Palpation and Dissection
Each collected bird (n = 100/pen/time point) was assessed for the presence of keel fractures using an ordinal scale previously described (Wilkins et al., 2004) . In brief, birds were held by the legs upside down with their keel bone exposed. The researcher ran their thumb and forefinger along the keel to identify the presence of fractures from which a score was assigned where "0" indicates no fracture, "1" a minor fracture, and "2" a severe fracture. The birds from each pen crated during assessments were brought to a separate facility on site where birds were killed by a concussive blow to the head followed by cervical dislocation. Killed birds were stored at 4
• C until dissection 24 h later when birds where weighed and tibiae, humeri, and keels removed and stored at −20
• C. Removed keels were assessed by comparison with a four-point photographic scale (Wilkins et al., 2011 ) that illustrated bone condition in the dorsolateral and ventrolateral aspects where "0" indicates no fracture present, "1" the presence of a minor fracture, with increasing severity up to a score of "3". Greater severity of damage is associated with substantial amounts of callus formation with additional damage to the lateral surface, extending to the keel's ventral edge or carina.
Production Data
Weekly production data at the barn level were collected from farm records provided by the commercial partner and included: mortality, total egg production, hen daily average (total weekly egg production/number of live hens), bird mass, and feed and water consumption. The number of poor quality eggs, or seconds (e.g., deformed shells or odd shape detected manually at the farm and then via an automated process at the central collection unit) was provided as a weekly total and as a percentage of total egg production.
Approach Test
Fearfulness of the birds was assessed (before collections) for each pen by placing 4 linked wooden beams (2 × 2 cm) in a 1-m2 square frame in the center of the pen on the slats (P. Warris, unpublished data). The researcher vacated the pen for 5 minutes after positioning the frame, then returned and stood in the center. The number of birds within the frame was counted upon the researcher's entry (0 s), and subsequently at 30, 60, 120, and 240 s post-entry.
Total Flights
To assess the impact of diet on flying behavior, which could lead to collisions and keel fracture (Wilkins et al., 2011) , total flights were quantified from recorded video captured using digital cameras (VCC-6695P colour, Sanyo, Tokyo, Japan) positioned approximately 4 meters above the slats. Video was initially stored on DVR systems (QUADROX WebCCTV, Herent, Belgium) and then transferred to a server using an external hard drive. The cameras' positioning provided a view of approximately 40% of the slats and recordings were made at two time points (10.00 to 12.00 and 16.00 to 18.00) on the day before collections for each pen. All flights occurring during the specified time period were recorded by a single observer using Observer XT 10.0 program (Noldus Information Technology, Wageningen, The Netherlands). Flights, coded as events, were defined as movements where the birds had to ascend or land at a height of more than 80 cm, a distinction created to separate "jumping" from "flying". Attempts were made to score the nature of the landing (i.e., whether this represented a collision), though the high density of birds made this difficult and was discontinued.
Bone Biomechanical Properties
Tibiae/Humeri Biomechanics For biomechanical testing, left tibia and humeri (Experiment 2 only) were subjected to 3-point bending to failure . The humeri was added to the testing procedure for Experiment 2 following Experiment 1 analysis, which indicated that treatment may not have affected bones uniformly. Bones were mounted on a mechanical testing frame (Instron 6022, Instron, UK) across a supporting bridge with gaps of 4 cm for the humerus and tibia, and a perpendicular load applied to the midpoint. The load (N), displacement (mm), and total energy (J) required to reach structural failure were recorded. A force-displacement curve was generated (Paul et al., 1997) and used to measure force and displacement at initial failure (yield point). Young's modulus (a measure of stiffness during the elastic period) and the ratio between elastic (the period leading to the yield point) and plastic (the period following the yield point until structural failure) energy were also calculated from these outputs.
Keel Biomechanics For biomechanical testing, keels were positioned on a custom support within a mechanical testing apparatus (Stevens CR analyzer, Mechtric Engineering, UK) as described previously . Keels were loaded to failure at a constant rate of 50 mm/min using a circular compression probe of 7 mm diameter at two points (the manubrial spine and lateral surface); the load (N) required to reach structural failure was recorded.
Bone Mineral Density
Quantification of bone mineral density was performed on left humeri (Experiment 1 and 2) and tibiae (Experiment 2 only) using dual energy X-ray absorptiometry (DEXA, Lunar PIXImus densitometer, Lunar Corp, Fitchburg, WI, USA) as previously described . Each bone was thawed to room temperature prior to testing, the length measured and midsection marked, and placed in the densitometer with the ventral-dorsal orientation parallel to the horizontal axis of the scan image and the marked midline identified on the scan using a metal wire (1 mm). A 0.08 cm 2 region was measured adjacent to the midline. The bone mineral density was calculated using the PIXImus software.
Statistical Analysis
All data (with the exception of production endpoints) was normalized for statistical analysis by transformation if needed following visual assessments for a normal distribution. Data was subsequently analyzed with MlwiN (Rasbash et al., 2009 ), a statistical package designed for hierarchical data, i.e., bird (i) within pen (j). Prediction variables for all responses included diet (n3 versus control) and age as categorical and continuous variables, respectively. Location effects at bird (nest box, slats, litter) and pen (barn side, position relative to the egg collection room) levels were also included as categorical variables. Body weight at dissection was included as a covariate for all bone biomechanics and bone mineral density measures. For Experiment 2, pen averages for data collected at 25 weeks of age were calculated and used as pen-level covariates. For keel biomechanics, a third level was included in the model as a prediction variable to account for the 2 sites where the load was delivered (manubrial spine, lateral surface).
All prediction variables were initially included in the model and then removed individually when comparison of the respective Z-ratio with a standard normal distribution was greater than 1.96 (P > 0.05). For each response, individual model predictors (e.g., diet), standard errors, and associated P-values are provided for the final model. In our analysis, the model serves as a mathematical representation of the data linking model predictors (e.g., diet) and the response (e.g., bone strength). The constant (β0) serves as an overall value to which the estimates of the model predictors are compared. For categorical predictors, a specific reference is chosen as well and indicated in the respective table. As an example of how the model represents the collected data, in the approach results of Table 6 , the n3 ration is the reference diet and the associated parameter estimate is the difference between the two treatments, i.e., in Experiment 1, the control diet was 20.22 less than the n3 diet. The actual value of each response can be calculated by applying the model terms. For instance, the modeled mass for a bird of 45 weeks of age within the n3 treatment of Experiment 2 would be calculated as:
Constant(2.032) + wk of age(−0.005 × 45 wks)
For analysis of fracture data, logistic regression with a logit-link function was utilized to assess the occurrence and severity of fracture in relation to dietary treatment, age, and location. In assessing the occurrence of fractures in both the palpation and dissection datasets, animals were grouped by whether a fracture occurred or not, independent of the severity of the fracture allowing the data to be analyzed as a binary response (fracture ("1", "2", "3") versus no fracture ("0"). For fracture severity in the palpation dataset, animals without fractures were removed and the remaining data was analyzed as a binary response (palpation scores of "1" versus "2"). For fracture severity in the dissection dataset where 3 severity scores existed ("1", "2", or "3"), a cumulative distribution was used allowing 3 categories to be analyzed within a single model. Odds ratios can be calculated from coefficients providing the risk of an event occurring in reference to another (e.g., risk of a fracture occurring versus no fracture occurring) against a range of variables (e.g., the likelihood of a fracture occurring was 1.3 times greater in Experiment 2 control pens than Experiment 2 n3 pens).
RESULTS
Keel Fractures Assessed by Palpation and Dissection
Palpation Modeling palpation assessments for Experiment 1 revealed that n3 birds were 1.3 times more likely to manifest a fracture than control birds (Table 2 ) (Figure 1 ). Likelihood of fracture increased with age, position of the pen relative to the central egg room, and whether birds where on a particular side of the shed. Fracture severity was not affected by any predictors in Experiment 1 including diet (Table 3) . Modeling results from Experiment 2, the appearance of fractures in relation to diet was reversed with birds of the control treatment 1.18 times more likely to have a fracture (Table 2) . When fractures did occur, n3 birds were 1.22 times more likely to have a less severe fracture (1 versus 2) than birds of the control treatment (Table 3) .
Dissection Diet was found to provide no benefit to either the occurrence (Table 4) or severity (data not shown) of keel fractures in Experiment 1, though the likelihood of their occurrence increased with age (reaching a maximum of 75% of the flock) and decreased with bird mass. In Experiment 2, modeling identified a diet by age interaction (Table 4) in which control birds were consistently more likely to have a fracture than the n3 group, reaching a predicted peak difference of 27.1% Table 3 . Model response relating likelihood of a fracture of severity "1" versus "2" occurring as assessed by palpation in relation to predictor variables for Experiments 1 and 2. at 57 weeks of age after which the risk of fracture began to converge (Figure 2 ). Likelihood of fracture was found to decrease in proportion to bird mass in both experiments. Birds located in the nest-box were 2.28 times more likely to have a fracture severity of 1 versus 3 in comparison to birds located on the slats in Experiment 1. Diet was found to have no relationship with severity of keel damage in dissected birds of Experiment 2 (data not shown).
Production and Bird Mass Data
Experiment 1 Poor quality eggs as a percentage of total production was greater in the control flock until 35 weeks of age (n3:7.0%; control:8.2%), after which increases in the n3 pens resulted in a cumulative percentage of 13.2% by 57 weeks of age (versus 7.8% in the control flock). Birds of the n3 flock initially had a lower hen daily average (n3 versus control: 98,867 versus 103,120) by 35 weeks of age and dropping to 89.0% by 55 weeks of age (n3 versus control: 201,878 versus 224,441). Birds of the n3 flock manifested an overall increased mortality rate in comparison to control birds [1,459 (11.6%) versus 695 (5.5%)] by 55 weeks of age without a discernible age-related pattern. Necropsies of dead birds performed at several time points throughout the experiment failed to identify an obvious cause of death or infection. Similarly, routine swabs for microbiological surveys from boots after walking through the each barn failed to detect the presence of abnormal pathogens. Feed intake was overall 1.08 g/hen/d more in the n3 flock. Water consumption showed a similar reciprocal pattern. Mean egg weight of the n3 flock was overall less than control birds reaching a cumulative difference of 4.1 g.
Experiment 2 Similar to Experiment 1, poor quality eggs and hen daily average also appeared to have turning points though at a later age. Poor quality eggs as a percentage of total production was similar in the n3 and control flocks (10.7% and 10.5%, respectively) until 55 weeks of age after which the average percentages diverged reaching 23.5% and 16.9%, respectively by 65 weeks of age (overall: 13.6% and 11.8%, respectively). Hen daily average showed little difference between flocks, with the n3 flock producing 98.9% of control's production (n3 vs control: 274,265 versus 277,306). Mortality was similar between flocks reaching 11.0% and 11.6% by 65 weeks of age overall in the n3 and control flocks, respectively. As in Experiment 1, necropsies of dead birds and boot swabs failed to identify an obvious cause of death or presence of infection. Weekly feed consumption was less in the n3 flock (n3 versus control: 132 versus 124 g/hen/day), though they appeared to drink more (n3 versus control: 2291 versus 2281 liters/week). Mean egg weight was similar between flocks (n3 versus control: 62.5 versus 62.4).
Bird Mass Body mass in Experiment 1 at postmortem showed a diet by age interaction where control birds increased mass at 4 g/wk while n3 birds declined by approximately 0.1 g/wk reaching a modeled difference of 0.16 kg by 65 weeks of age (control:1.93 kg versus n3:1.76 kg) ( Table 5) . Independent of treatment, location within the pen was found to affect bird mass where birds on the litter weighed 42 g less than those located in the nest boxes. In Experiment 2, control birds lost 5g/wk whereas n3 birds lost 2g/wk reaching a difference of approximately 77 g at 65 weeks of age (control:1.70 kg versus n3:1.77 kg) (Table 5) .
Approach Test
For the approach test in Experiment 1, an average of approximately 3 and 20 fewer birds of the n3 treatment where within the test square at t = 0 s and t = 240 s respectively (Table 6 ) in comparison to the control treatment. The change in the number of birds within the square frame during the test session as measured by the calculated slope was 0.07 less in the n3 treatment (Table 6 ), i.e., n3 birds manifested a reduced rate of approach over the entire test session in comparison to control birds. A similar pattern was found in Experiment 2 where our model indicated 2.5 fewer n3-treated birds in the test frame at t = 0 s than controls (Table 6). Fewer birds of the n3 treatment were found to be in the test square at t = 240 s, by comparison to the control birds. However, a treatment by age interaction indicated the predicted difference between n3 and controls reached a maximum of 8 birds at 45 weeks of age (Table 6) .
Total Flights
For Experiment 1, birds of the n3 treatment performed 50 flights/h (100 flights/2 h observation) less than the control treatment with 77 less flights during evening observations (Table 6 ). An age effect was found with flights peaking at 478 flights/h/flock at 44 weeks of age. For Experiment 2, no diet effect was identified though flights per hour decreased from an initial high of 425 at 35 weeks of age (Table 6 ).
Bone Biomechanical Properties
Humerus, Experiment 1 Yield stress was greater in control birds compared with n3, whereas the opposite was found in energy to failure, both independent of age (Table 7) . Ultimate and yield strain were greater in control birds at 25 weeks of age after which the 2 treatments equalized. Young's modulus was greater in control birds until 55 weeks of age whereupon the n3 flocks had greater values. Elastic:plastic energy value was greater in control birds at 25 and beyond 45 weeks implying that once the yield point was reached, the control birds failed more rapidly than the n3 birds (Figure 3) . Effects of position of the pen were found for ultimate energy, yield strain, Young's modulus, and elastic:plastic energy ratio; weight was found to positively correlate to energy and stress at failure.
Humerus and Tibia, Experiment 2 Treatment had differing effects on bone mechanical properties depending on the bone being tested (Table 8 ). The n3 humeri had greater ultimate strain than the control birds at all time points. Predicted energy to failure was greater in control birds for the humerus until approximately 55 weeks of age, whereas the opposite pattern was seen for the tibia (Figure 4) . Yield stress and strain and the ratio of elastic:plastic energies were greater in birds of the n3 treatment independent of age or bone. The n3 birds had a greater Young's modulus in comparison to control birds at 45 and 55 weeks in the tibia and until 65 weeks of age in the humerus. Ultimate stress was not affected by treatment. Energy to structural failure covaried positively with weight. Location of the pen related to strain at failure and the yield point, as well as Young's modulus, whereas location within pen correlated with energy at structural failure and yield strain.
Keel Diet was found to relate to keel failure load in both Experiments (Table 9) . During Experiment 1, n3 birds had a peak load that was greater than the control treatment throughout the experiment. In Experiment 2, peak load of control birds exceeded that of the n3 birds initially at 35 weeks of age. However between 45 and 65 weeks of age, the n3 keels had greater strength (Figure 5) . Peak load manifested a positive correlation with bird mass in both experiments, and distance from the egg room showed a positive correlation with peak load in Experiment 1. In Experiment 2, birds from the slats manifested a modeled load at failure that was less than birds collected from the litter or nest boxes.
Bone Mineral Density
Bone mineral density was not related to diet in the humerus or tibia (measured in Experiment 2 only) in either experiment, though the measure increased with age in Experiment 2 manifesting a more rapid change over time in the tibia (data not shown).
DISCUSSION
Our previous studies demonstrated that laying hens receiving dietary n3, consisting mainly of short chain n3 alpha-linolenic acid, had reduced fractures . The current study sought to develop these findings further and examine the more biologically active long chain n3. The results from Experiment 1, using a diet with a n3:n6 ratio of 1.35 and a long:short chain ratio of 0.41 demonstrated little benefit to bone health and in fact appeared detrimental to keel fractures. The limited benefits to bone properties that were associated with the n3 enhanced diet during Experiment 1 -greater keel strength and toughness in humeri indicated by greater load at failure and energy at failure, respectively -were offset by severe production losses. The detrimental impact on production did not appear to be limited to the farm where our research was conducted as similar effects where found at other farms receiving the same n3 diet used in Experiment 1 . This additional effort was motivated by our attempt to determine whether the poor results seen in Experiment 1 were limited to the observed experimental flock. However, no data was collected on fractures, bone health, or behavior in this study, which was based entirely on production records. The unexpected results from Experiment 1 may be due to multiple potential mechanisms, which need consideration. Both n3 and n6 polyunsaturated fatty acids (PUFAs) are precursors to a number of important inflammatory, immune, and bone regulatory mediators such as prostaglandins and resolvins. The n3 products are generally less inflammatory than their n6 counterparts (Calder, 2006a) and are normally considered beneficial to human health. The detrimental effects of diet seen in Experiment 1 may have resulted from an overly attenuated inflammatory response, as the overall n3:n6 ratio (1.35) was much greater than that typically recommended for humans (e.g., 0.5 to 1.0; Carlson et al., 2013) .
A second potential mechanism to explain the poor performance of the Experiment 1 n3 flocks relates to the proportion of dietary PUFA provided as long chain (C20/22). Chickens would naturally obtain virtually all of their n3 in the short chain form (C18, alpha-linolenic acid) mostly found in green leaves (Simopoulos, 2001; Simopoulos and Salem, 1986) . The chicken then converts C18 in the body to the long chain C20 (EPA) and C22 (DHA), however, this conversion rate is typically very low, perhaps around 1 to 5% in chickens (unpublished findings), representing a bottleneck in long chain PUFA production. As a result, the natural tissue levels of C20/22 is likely to be very low. By providing a diet rich in C20/22 (29% of total n3), as in Experiment 1, we are potentially by-passing what is perhaps a crucial regulatory mechanism and overwhelming the hens evolved capacity to control important inflammatory and bone regulatory factors. This may result in health detriments, in particular the ability to mount an effective inflammatory response and regulate bone function, with direct or indirect effects on bone and general health. Detrimental effects of excessive dietary n3s on immune function have been found in several models including tuberculosis in guinea pigs (Paul et al., 1997) , and increased mortality in mice infected with Salmonella typhimurium (Chang et al., 1992) or influenza (Schwerbrock et al., 2009 ), thus concern with relatively high concentrations of long chain PUFAs is warranted. A further potential mechanism for detrimental effects seen may be free radicals, a by-product of endogenous processing of PUFAs, which are dramatically increased in long chain n3 processing (Jahn et al., 2008) . Excessive free radicals can have detrimental effects on a variety of cell types (Aruoma, 1998) with potential for health problems. Furthermore, in each of these scenarios, the relatively early introduction of the diet at 16 wks in Experiment 1 preceding sexual maturity has additional potential to overwhelm the hen during this critical stage of development and exacerbate the conditions suggested above.
The Experiment 1 n3 flock also exhibited greater aversion toward an observer during the approach test, which could have translated to increased flightiness, associated panics, and exposure to fracture risk, though this was not supported by observations of general flight activity, which were found to be decreased in the n3 flock. Recent reports of panics occurring within free range systems suggest they are most likely to occur on the litter (Richards et al., 2012) , thus the focus for our behavioral assessments on the slats may not be indicative of hazardous behavior. Although the Experiment 2 n3 birds also manifested an aversion to the observer during the approach test, no differences in flight behavior were identified in this experiment. Taken together, our results do not suggest that behavioral changes were a significant factor in increased fracture risk, though future work specifically targeting this possibility is needed.
In support of the potential of an n3 diet to reduce keel bone damage, Experiment 2, applying a diet with less n3 (0.77 n3:n6), reduced long chain n3 content (0.12 LC:SC), and after reaching sexual maturity, did show some clear benefits. The Experiment 2 n3 diet (0.77/0.12) achieved a reduced frequency and severity of fractures with minimal production detriment. Our modeling suggested the control and n3-enhanced diets diverged in the occurrence of fractures at approximately 42 wks of age. While the percentage of old breaks in n3 pens stabilized at approximately 60%, the control birds continued to rise peaking at 85% at 58 wks of age. Several changes appeared at this time point, which may indicate potential explanations for the reduced appearance of fractures. For instance, our model indicated increased keel load at structural failure between 43 and 63 weeks of age in the n3 compared to the control flock, such that increased keel strength in n3 flocks could contribute to the reduced susceptibility to fractures. Surprisingly, in Experiment 1, the n3 fed birds had greater keel load at structural failure though this did not translate to a benefit of fewer fractures, suggesting that greater keel strength is not the sole factor. Supporting this notion, in the period before 43 wks of age of Experiment 2, there was a similar fracture incidence between treatments despite keels of control birds being stronger than the n3 birds. Despite the reversal in keel strength at 43 weeks of age between diets, older birds had stronger keels overall as there was a general pattern of increasing strength with age, a result that is somewhat at odds with previous findings in long bones where loss of structural cortical bone alongside gains in weaker medullary bone have been reported (Whitehead, 2004) . The pattern observed in Experiment 2 of the reported work, when considered against the observation in fracture incidence, may reflect a potential trade-off between strength and flexibility. Thus, the increased n3 content in the diet of Experiment 2 n3 birds may have mitigated the reduced keel strength during this critical period, leading to a lower incidence and severity of fracture. Given that the keel bone is very different in form and function to long bones, future work would benefit from a focus on biomechanical, structural, and biochemical changes within the keel itself.
Although the biomechanical protocol used for the keel did not assess compliance and stiffness, the tibia and humeri were included as proxy measures. In Experiment 2, n3 birds receiving the enhanced n3 diet appeared to have long bones with greater flexibility as indicated by greater elastic to plastic ratio, which probably relates to the greater yield stress and strain observed. Young's modulus, a measure of stiffness, varied between different bones at different time points though was greater in the humerus and tibia of Experiment 2 n3 flocks until 65 weeks, supporting a role for flexibility in reduced occurrence of fractures. In Experiment 1, control flocks had a greater Young's modulus until 55 weeks of age. Taken together, our results suggest a greater role for flexibility over the "toughness" of a material in reducing keel damage and should be considered for future assessments.
Other factors independent of diet, such as increased loading from greater mass or activity, may affect keel strength and should also be considered. In Experiment 2, the n3 flock had a greater body mass than controls at 65 weeks of age, though modeling suggested that this divergence began at 42 wks in a pattern similar to altered frequency of old fractures. Thus, greater flightassociated loading on the keel resulting from increased body mass could lead to benefits in strength and reduced fractures. Based on findings from Tarlton et al., (2013) , we had anticipated increased bone mineral density within n3 flocks resulting from inhibition of osteoclast activity, possibly due to decreased prostaglandin E2, a product of n6 PUFA (Kruger et al., 2010) . However, no diet effect on bone mineral density was found in either experiment for any bone, although related work from the same data set suggests n3 flocks had reduced remodeling rates (Toscano et al., unpublished data). The primary goal of these studies was to examine changes in frequency and severity of fractures, and it is critical that any developed solution to the problem of fractures has minimal impairments on production to ensure the practice is commercially viable. In Experiment 1, n3 fed hens appeared to manifest production detriment leading our industrial partner to transfer birds from the diet prematurely (at 55 wks of age). We had anticipated some increase in poor quality eggs due to a shift in calcium deposition from egg shell production in favor of bone maintenance. The combination of decreased overall production with increased poor quality eggs led to more than 30,000 fewer viable eggs in Experiment 1 n3 flocks, or approximately 84% of the control flock, by 55 wks of age. By comparison, in Experiment 2, n3 flocks fared markedly better producing only 7,600 fewer viable eggs, or 96%, of the control flocks. Mortality was reduced as well where n3 birds had a lower percentage of deaths than controls in comparison to the Experiment 1 n3 flock mortality, which was more than double the control flock by 55 wks of age. Due to the experiments being conducted consecutively over 2 laying cycles and other confounds, it is not possible to make direct comparisons between the experiments. However, the production results from Experiment 1, corroborated by data from other production units , suggest that caution should be exercised when developing diets of this nature.
In several responses, our analysis identified pen position effects, which are difficult to interpret and likely relate to factors beyond our control. For instance, pens nearest to the egg room (and the feed bins) were able to gain access to the feed supply earlier than those that were further away. This arrangement appeared to change the physical nature of the feed, i.e., pens farther from the egg room had finer feed particles, presumably because the nearer pens consumed the larger particles.
Similarly, pens on one side of the shed were more likely to be exposed to vehicular traffic and activity. Our inclusion of "pen location" variables was intended to minimize their impact and assist in identifying the relationship between response and predictor variables of interest. There are several plausible concerns in overfitting our model, e.g., reducing the model's portability (Hawkins, 2004 ), however we feel that the variation in relevant pen characteristics warranted the inclusion of these terms.
Consideration should be given as to whether the housing design employed in this study allows true replicates. Potentially, the results may be influenced by a unique combination of factors associated with a distinct area of the shed. Use of multiple pens within a single shed did allow us a degree of control over experimental conditions and a reduction in other confounding factors, such as geography and microclimate, which would have applied if multiple farms were used. Nevertheless, results will need to be examined in further studies that include multiple farms to ensure a true dietary effect.
In conclusion, our results indicate that n3 diets can provide a powerful means to reduce keel damage in birds, probably through alterations in the mechanical properties of the bone. The reductions in keel bone fractures seen in the current study were not as marked as that seen in a previous study using short chain (C18, linolenic acid) n3 supplement alone . Our data suggests that diets supplemented with levels of n3 that exceed a 1:1 ratio with n6, or in a form with too high a long chain (C20/22) content, may not provide skeletal benefits, and come with detriment to overall bird health and egg production. Further study will be needed to determine optimal diets -including overall n3:n6 and long chain content -to improve bone health while maintaining bird health and productivity.
